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Wing leading-edge structural concepts are considered in this article fnr a specific Math 5 _averider cruise
vehicle. Design tradenffs, such as making the leading edges sharp enough fiw acceptable aerndynamic and
prnpulsion eMcieucy, )el blunt enough fiw acceptable aerodynamic heating, are discussed. Aerndynamic heating
dislributinns art' calculated flw I_n locations on the leading edge of the vehicle. Several structural concepts are

discussed and a particular concept is studied. Temperature and thermal stress distribulinns are calculated for
a simple wing leading-edge concept consisting .f an uninsulaled hut structure. Techniques fiw reducing thermal
stresses art' discussed.

Introduction

W ()RLI)-\V[D[_ interest in hypersonic flight has rccentlybeen renewed. A wide range of vehicle concepts--

cruise, singlc-stage-to-orbit (SSTO) and two-stage-to-orbit

(TST()) vehicles arc bcmg considered. Waveriders arc onc

class of hypersonic vehicle under consideration.

A waverider (originally proposed in Ref. 1) is a superstmic

or hypersonic vehicle that has ;.in attached shock ahmg its
leading edge. The vehicle appears to be riding on top of its
shock wa_c -hence the nHiYle "'wa,,erider.'" Because the shock

is attached to the leading edge of the vehicle, the upper and

h)w'er snrfilces of the vehicle can be designed separately. In

addition, this attached shock prcvcnts spillage of higher pres-

sure air from the lower side of lhe vehicle to the upper side,

thus rcsullmg m a vehictc with potential for a high lift-to-drag
ratio.

For Maeh 4-7 flight, waverider vehicles are under consid-
eration as candidates for short- and hmg-range cruise mis-

sions.' * Althot, gh the waverider is usually regarded as a cruise

vchicle, sc',cral tmgoing studies .... have shown that it is also

a suitable configuration for TST() and SSTO applications. In

particular, for the mission studied in Ref. 5, a waverider ve-

hicle clearly ot, tf_crformcd a lifting body vehicle. Excellent

and authoritativc surveys of wavcrider research have been

given by l'owncnd, _ Roc,* and Schindel."
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Waverider principles were used in the design of the half-
million-lb XB-7() Valkyrie supersonic bomber. This aircraft

achieved an LID of about 7 at Math 3 in test flights in the

mid-1960s. The XB-7() program demonstrated the high LID

potential and the practical applicability of waverider concepts
to full-scale cruise aircraft.

One of the key issues concerning waveriders is the design

of the wing leading edges. Current techniques for designing

waverider shapes assume infinitely sharp wing leading edges.

Sharp leading edges are also desirable for efficient propulsion,
because the fl)rebodv of the vehicle is used to compress the

air flowing into the engines. Blunt leading edges can result

in thick boundary layers being ingested into the engines, thereby

degrading the propulsitm efficiency. I lowever, because the

heating rate to the leading edge is a strong function of the

leading-edge radius, the leading edge must be Hunted to re-

duce heating rates to acceptable levels. This blunting of the
leading edge can change the phmfl)rm shape of the vehicle.

Also, the aerodynamic performance of the vehicle may bc

degraded because the shock is detached from the blunted

leading edges, thereby allowing high-pressure air to spill from
the lower surfitce of the vehicle to the upper surface. Studies

by Squire"'" showed that, for delta wings, appreciable shock
standoff distances did not result in significant spillage. Lead-

ing-edge bluntness effects on caret wings were considered by

('ollingbourne and Peckham." Estimates were made of the
simultaneous decrease in lift and increase m drag for given

nose bluntness. Their conclusions emphasize the importance

of designing for the smallest possible leading-edge radii, tie
and Rasmussen '_ showed that rounding the leading edges of

a Mach 8.3 waverider to 9(-,ci of the span resulted m a 3%

loss of LID. Losses at off-design Mach numbers were shown

to be less than 3qi. Thus, designing a waverider leading edge

involves a tradeoff between making the leading edgc sharp

enough to obtain acceptable aerodynamic and propulsion ef-

ficiency, yet blunt enough to, use a reliable, efficient structural

configuration.
In this article, wing leading-edge concepts are proposcd for

a particular Mach 5 waverider vehicle. 'a The Mach 5 wave-
rider is briefly described, and aerodynamic heating rate dis-

trihutions are calculated for two It)cations on the leading edge

of the vehicle. Several leadmg-cdgc structural ctmcepts are

described, and one concept is analyzed in detail to predict its
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Lo_tion A
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i_ 135 ft _]

Fig. I Top and side vJe_,'s o|" Math 5 waverider.

thermal and nlechanicitl response to the incMent aerodvnanlic

heating.

Vehicle Description

A Math 5 waverider aircraft (Fig. 1) wits developed and

analyzed _*in an attempt to better quantify the characteristics

of such a vehicle and assess its potential. The mission goals

for this vehicle included a 00{1(I n.mi. range. 35{I,(}(){) lb weight

class. 5()[)O-lb payload, and endothermic fuel. rhc vehicle was

derived from a conical waverider to lake advanlagc of the

comrmtatJonally simple inverse design rnetliods devctoped for

generating wavcrider shapes.

A conical-flow waverider with an approximately 8-dcg cone

angle w'as chosen its thc best I+/D design, based on previous
parametric waverider design studies. An aerodynamically op-

timized, pure waverider shape typically has high anhedral

drooping wings+ which can provide poor strnctural load paths,

potential ground clearance proNcms ill takeoff, and unknown

lateral-directional stability effects at hypersonic speeds. The

shape selected for this vehicle sltcrificed some L/D perfor-

mance to achieve ;t better integrated design. The aft lower

fuselage was modified to acconlmodalc the fl-,ur turhoramje!

engine modules and the engine nozzle. The base was tapered

to a sharp wing trailing edge, and vertical fins and a cockpit
were added to the upper surface. The result was a flat upper
surface, a scmiconical lower surface, and a fairly conventional

lower comr_ressi(m surface and engine integralion configu-
ralJon.

A fairly comprehensive assessment of the vehicle is de-
scribed in Ref. 14, including propulsion system design, ther-
illal nlanagelllcnt assessment, syslelgl Jntegration, and struc-

tural design and analysis. A particularly critical aspect of the

vehicle design that requires further in-,cstigation is the leading
edge of the waverider lorebodv. A leading-edge radius of 0.25
in. was chosen for this study its an initial estimate 1o provide

at leading edge with good aerodynamic performance, yet ac-

ceptable heating rates. The remainder nf this article addresses

the feasibility of dcveh)rfing a simple structural concept for a

wing leading edge with this radius.

Leading-Edge Heating

The most critical design h)ading fl_r the leading cdgc is

aerodynamic heating. Ileal flux distributions about the lead-

ing edge were calculated for steady-state cruise conditions at

Mach 5, with a dynamic pressure of 655 psf, laminar flow,

and a 5.27-dog angle of attack.
Iicat flux distributions were ca[cuhtlcd for p,',o locations on

the vehicle: I ) along the centerlme of the vchicle (location A

in Fig. 1) and 2) normal to the leading edge {location B in

Fig. 1). The distributions wcrc calculated over the first 4 ft

of the upper and lower surfaces ill thesc locations assuming

at leading-edge radius of 0.25 in.
Three methods were used to calculate heat fluxes for thc

leading edge. A cornputational fluid d,,nanlics (('H)) com-

-s _ I_

Ceoterline 5 deg.

Swept leading edge 12 deg.

Fila. 2 {;eometry fi_r heating calculations.

putcr code called tile nose solution code (NS(') was used to
itnalvze a two-dimensional slice of the vehicle centerlme ill

location A in Fig. I. NS(. de,,clopcd ill Lockheed Fort Worlh

('onlpan,, and used cxtcnsivclv for tqunt body analysis of the

National Aerospace Phmc, is a comptttcr code that approx-

mlaleb, soP, us the Naxim-Stokes equations that govern fluid

fit)W. A second conlpulcr code, Aeroheal. was used [(1 predict

tile heat flux distrihulions at both the ccnterline and tile swept

Icadmgedgc. Aerohcat is a modification of the Acrhct _code.

It uses an integral leCtlllitntle to relate the change of momen-

tum thicknes> to the edge condition, streamline spreading
rate. and skin lriction. Surface streamlines are traced to de-

termine the spreading rate. The edge conditions cornc trom
impact pressurc laxss for pressurc and an entropy sw'alh)wing

technique for entlor_y. Empirical relalions are used to relate
monlentum thickness to skin friction, and skin h-action is con-

_ertcd to heat tr;msfcr through Reynolds analog_. I Iov, cver.

ilCCl.llilCX of [he method near sharp leading edges is limited

because of dilliculties m getting it suflicicnt number of stream-

lines near the stagnation point. For impro',cd accuracy. Fav-

Riddcll theory'" ',_as used to calculate stagnation point heat

fluxes for both the ccntcrline and swept locations.
The two-dimensional slices of tile vehicle geometry, for

_hich the Ileal flux distributions wcrc calculated, arc illus-

trated ill Fig. 2. For both thc vehicle centcrlinc and the swept

leading edge. the gcomctr.v is approximately rcpresenled by

a wedge with a flat top and it 0.25-in.-radius leading edge--

itlthough tile actual lower surface of the vehicle in these lo-

cations is slightl', cur',ed. rile wedge angle for tile cenlerline

is approximate] 3 5 tie,-, and tile wcdgc angle of the s_,scpt

leading edge is appruximatcly 12 dee. For tile purposes of

this study, tile canopy _.ln the centerline of tile vehicle was
ncglccted. The origin of the surfitcc coordinate S is located

al thc _ertical tangcnt point of the leading edge. Surface co-

ordinates arc positive in the direction of the upper surface

and negative m the direction of tile h)wer surface its sho_.vn

in Fig. 2.
Calculated heat flux distributions fl)r the vehicle centerline

are shown in Fig. 3a. As expected, the heat fluxes arc sig-

nificantly higher in the _icinit._ of the leading edge and drop

off sharpl,, a short distance away from the leading edge. The

heat flux distribution at the leading edgc is shown in more

detail in Fig. 3b. The ('I:l) allalysis and the Fav-Riddell pre-

dictions agree almost exactly. Although the less accurate codc,

Aeroheal. predicts nearly tile sitmc heat flux near the slag-
nation poiul, it predicts significantly lower heat fluxes where

the curved leading edge joins the flat forebody slructurc. This

discrepancy occurs f)rimarily because lhe pressures cillculated
using the impact pressure method in Aeroheat are underpre-

dicted in this region. Away from the leading edge ( -- 10 --- S

•- ll)), the CFD illld Aeroheat codes shov, good agrecnleul.

The calculated heating rate distributions for the swept lead-

ing edge (location B in Fig. 1) are shown m Figs. 3a and 3b.

Heat fluxes, calculated using the Aeroheat code, are signit'-

icantly Iowcr at the stagTlatic, n point than the heat flux cal-

culated u_,ing the I:av-Riddell incthod The more accurate

CFD calculations were not available for the swept leading-

edge case, and so the Aeroheat results were adjusted to pro-

duce a distribution similar to the ('FD results in Figs. 3a and

3b. The rcsuking faired heat flux distribution, shown m Figs.
4a and 4b was used its tile thermal loading for the themlal
ailaivsis ot lilt_' swept leading edge.
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l,eading-Edge Structural Concepts

A variety of structural concepts have been proposed for

wing leading edges of hypersonic vchicles. Several ctmccpts
investigated for the National Acro-Space Plane are described

in Rcfs. 17 and I.R. Possible concepts inchtde structures that
are insulated, hot, ctmvectively c_x)lcd, and transpiration cooled

Fig. 5

mHietg_-teml x ram m

 ltiititlli
Tit_um 6-2-4-7 _

honeycomb
sandwich

Leading-edge structural configuration--concept I.

High-temixrature

nermnic Titanium

_-- honeycomb

_[ sandwich

 iii!i!iii lIIIiIIiiI[

/ )_ mHl:tg_temperatme

to alleviate thermal

Fig. 6 l,eading-edge structural configuration--concept 2.

(e.g., Rcf. It)). Other concepts include ablation, heat ab-

sorbing structures, heat pipes,'" and highly conductive ma-
terials. :_

The leading edges for the Mach 5 waverider of the present

study must maintain the geometry ilh, strated in Fig. 2 while
subjected to a mild aerodynamic pressure load and the heat

fluxes shown in Figs. 3 and 4. Insulated systems arc not at-
tractive candidates because there is so little thickness available

for insulation and most insulating materials would not result

in a durable leading edge. Ablators can hc ruled out bec:tnse

of the need to maintain the leading-edge geometry. The cal-

culated maximum stagnation heat fluxes are not high enough

to require a complicated active ct_oling or heat pipe system.

Therefl_re, the leading edges considered in this study are hot
structures.

A simple leading-edge concept is shown in Fig. 5. The
concept consists of full-depth titanium honeycomb sandwich

with an overlapping leading-edge shell made of a higher tem-
perature metal. Incoloy 909 was chosen for evalnation in the

present study as the material for the high-temperature Ic:.tding

edge. The leading-edge material may be firmly attached to
the titanium sandwich so that no slippage may occur, or it

may be segmented along the leading edge with all fasteners

but one on each segment to have oversized or slotted holes

to allow differential thermal expansion to occur. The full-
depth honeycomb sandwich may be firmly attached to the

adjacent wing structure (not shown in Fig. 5), or the attach-

ment may allow for differential thermal expansion between

the honeycomb sandwich and the adjacent wing structure.

A leading-edge structural concept that rnav be useful for

sharper radii and/or higher Mach numbers is shown in Fig.

6. The leading edge is a solid piece of high-temperature ce-
ramic material (e.g., hafnium diboride, carhon-silictm car-

bide, etc.), attached to a high-temperature metal (e.g., ln-
c(floy 9{19), which is then attached to a titanium honeycomb

sandwich. The thermal expansion mismatch between the ce-

ramic and the high-temperature metal can be significantly
reduced by shaping the interface between these two materials

using the thermal-stress alleviation principles of Ref. 22, as
shown in Fig. _. To further reduce thermal stresses, the cc-

ramie leading edge could he segmented ;And each segment

prevented from sliding ahmg the Icading cdge by a retaining

pin of high-temperatnrc metal.

Although both leading-edge structural concepts are poten-
tially feasible, the simpler of the two, conccpt I, was selected
fi,_r iurthcr analysis in this article.
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• r- 2-D conduction elements
Exlemal heating _ +

y ... -..I _. for solid conduction o[

L on outer surface /
L. I-D radiation elements

radiating to space
on inner surface of H/C

radialing to opposing skin

Fitt. 7 l+eading-edge thernzal model.

Thermal Analysis

To calculate the structural response of the leading edge to

the acrodvmunic heating it is first necessary to calculate the

resulting temperature distribution+ Because the leading-edge

structural concepts arc thin and dircctl.,, exposed to the aero-

dynamic heating, the leading-edge temperature,, will closely

R)llow the heatiug with little thcrmal lag. l'heretore, a steady-

state thermal analvsis @,mid be sufficient to accurately predict

temperatures during cruise conditions.
a two-dinleusional finite elenlcnt model was constructed

of tile geometry illustrated ill Fig. 5. The thermal analysis

processors of tile engiuccring analysis language '_ ([_.,,\1.), \'er-

',ion 3.3t), were used to calculate tculperaturcs.

-Fhc finite clclncnt thermal nlodel is shou, n in Fig. 7. The

model represents a tv+'o-dimensional slice llt)rnlal Is,) the lead-

ing edge. Tv+o-dinlensiont, I conduction elements ,.'+'ere used
to mt)del heat conduction in the litanitnn htmcvcomb face

>,hcets aud tile luct)lov 909 leading-edge nlatcrial, a single
clement v+as used ill the thickness direction oI the honeycomb

skins and t_,o elements in the thickness dilection of the lead-

ing edge material. Material properties for Incohty 909 and

fitaniunl b-2--l--2 were obtained lronl Ref. 24, ()ne-dinlen-

sional radiation elements on the uutcr _,tlrlace ,,','ere used to

model radiation to space assuming an enaissivitv of 0.& Ex-

ternal heat flux distributitnls shown ill FiGs. 3 and 4 were

applied to the outer surface. Radiation from the inner surfitce

of the Incolov 909 leading edge was ncglcctcd for simplicity

{equivalent to assuming tile interior cavity is filled with an

opaque, perfect insulatol). Pertcct ttlctmal contact is assumed

between the leading-edge material and the honcvcomb face

sheets where the'+' overlap. I[cat transfer through lhc htmcv-

comh core was modeled using tile method proposed by Swann
and Pitman." One-dimensional radiation eletnents were used

to tnodel the radiation exchange between tile itmer surfaces

of the htmcvconlb fitcc sheets thrt)ugh tile core, Effective

radiation view factors proposed in Rcf. 25 wcrc used. Two-

dimensiomd ctmduction eletnents, using cftcctive conductiv-

ities calculated by the ulethod of Ref. 25. were used to model

the thcrnlal c(mduction through the honevconfl_ core.

The particuhtr dimensions were chosen ,,onlcwhat arbitrar-

ily ill an atttempt to obtain a rcprescntati\c gconletry for anal-

ysis. The total model is approximately 14 in. long. The lead-

ing-edge radius is 0.25 m. The Incoh)v g()9 leading edge is

0.05 ill. thick, and lhc honevconlb face _,heet_, arc I).04 ill.

thick+ The honevcomh core cell size is U.375 ill., and the cell

wall thickness is ().It04 ill. The leading-edge material o\'crlaps
tile honeycomb by 11.75 in.

The calculated temperature distribution ahmg the outer

surface of the vehicle centerline (location A on Fig. I) is

shown in Fig. 8. The dashed line on tile figure represents the

radiation equilibrium temperature distribution, assunling an

emissivity of ().S. The radiation cquilibriunl tcnlperature is

calculated assuming that all incident heat is reradiated {i.e.,

the surface ix perfectly insulatcdL The maximum calct, lated

radiation cquilihrinm telnperature ix Ibl6F. Ih)wever, ther-

nlal conduction ill tile leading edge reduces the predicted

maxinnun temperature to 14()(FF+ which is s_ittun the ac-

ceptable temperature range lk)r Incoh),, 9()9. _,\s expected, the
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temperature peaks at the stagnation r)omt and drops ofl sharpl?,

av.'av lrolll the leading edge. lhc predicted temperature all

of tile no>,c rcgi(',ll ()ll the upper surface is higher than tile

radiation equilibrium temperature, and the temperature on

the h)wcr surlacc is h)v+cr than radiation equilihrium. These

differences between the predicted temperatures and radiation

equilibrium temr)eraturcs are an indication t)f the [teat translcr

occttrring horn the It)x_cr surface through the honcvconlb COl c

to the upper surface. The temperature variations through the

thicknesses of the leading-edge shell and the honeycomb face

sheets v+erc found to be negligible.

The calculated temperature distribution ahmg the otltcr

surface of the swept leading edge (location B on Fig. 1) is

showu in Fig. t). The dashed line on tile figure rcprcscnls the

radiation equilibrium temperature distribution, assutnmg an

emissivity of ().S. The maximunl calculated radiation equilil_-

rmm temperature is 13%>F. Ih)wcvcr, thermal conduction in

the leading edge reduce,, the predicted inaxhnunl telnpcratulc

to 1227 F. /\gain. this temperature is well within the accept-

able tenlpcraturc range for lncolt)v 9(19. Tile shape of the

temperature di_,tribulion for the swept leading cdgc is very

similar It) thai :+,,how.'n ill Fig. ,_ h)r the centcrlinc case.

Structural Analysis

Although the temperatures shown m Figs. S and 9 arc within

tile acceptahle range for the materials being used, structural

:,nalvsis is required to detertninc if Ihermal stresses are ac-

ceptahh:. Sttesscs resulting from aerodynamic pressure load-

ing veerc assutnecl to bc secondary to tile thermal stresses.

and v+'cre therefore ignored.

Both the leading-edge geometry and heating distributions

vary gradually along the leading edge. hut sharply normal to

it. Therefore. |or simplicity, thc equivalent to a generalized

plane strain analvsb, was ttscd to calcuh.tte the thcrnlal stresses

ol the leading edge. I h)x_ ever. if the leading edge is segtncntcd
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along the leadm_ edge with gaps between segments, there is

a traction-free surlaee at the end of each segnletlt vehere the

plane strain anaksis is not _aIid. Near the ends of the seg-

ments, the thermal stresses ,sillbe sigmfieantly Io,aer than

those predicted using the phme strata analysis, so that pro-

vidin_ man_ short segments along fire lead:rag edge may re-

duce the tllermal stresses even below the magnitudes of ther-

mal stress predicted in this article.

The structural analysis was completed using the structural

processors of f{AI .. :' A single laver of three-dimensional ele-

ments along the leading edge was used 1o calculate the thermal

stresses. -]hese three-dimensional elenlents were required to

impose the out-of-plane boundary conditions. The sanlc In-

plane nt+dal locations were t, sed as fi)r the thermal model

shown in Fig. 7. A duplicate set ol nodes offset by (I+2in.

alon_ tile leading edge (: direction) was used to define the

three-dimensional elenlents used in the structural model. In

the areas where tire Incohw gl}9 skin overlaps the titanhml

honeycomb sandwich, one-¢Jinlenshmal, zero-length elements

with stiffness defined only normi,I to the surfilces of the sheets

were used to nlodel the joint. This finite element modeling

strategy was used to represent fasteners with slotted or over-

sized holes to allow differential theNnal expansion tangential

to the joint. [L{qll_ltiOllS fl+om Ref. 26 w'ere used to calculate

a consistent set of elastic stiffness properties for tile hone_-

COlllb core. The temperatures calculated m the thermal anal-

ysis for each nodc were transferred to the structural model

to provide the thermal loading. The structure was assumed
to be free of thermal stresses at 7I)°[ :.

Three different botmdary conditions were investigated, tqu

all three botnldarv conditions, tile nodes on the end of the

model awa_ from ihe leading edge were pre_ented from mm-

illg m the v direction, and a single node on the lowe[ Stllface

was prevented from nlo,,,ing in the i' direction (to prevent

rigid bodx motion). The z displacenlents preserihed in the

different boundary conditions are shown in Fig. 1(). Ahmg

the phmc of z (I. all of the nodes were prevented from

moving in tile z direction. For the nodes on the z = 0.2 in.

phme, results ',','ere calculated for three different imposed dis-

phlcements m the z direeliotl. For boundary condition 1 (,8,

- fi+ O) all of the nodes on the z - (1+2 in. plane were

fully conslrained in the z direction. This condition prevents

thermal growth in the z direclion. For boundary condition 2

(_ = fi,), all of the nodes on the z - II.2 in. plane ',','ere

given a uniform displacement, the magnitude of which was

determined iterativelv, such that tile sum of the reactions in

the z directi()n was zero. This is equivalent to tying the lncohw

Oll t) leading edge and the full-depth titanium honeycomb SallLt-

with together, but allowing this combination to freely expand

while preventing bending about the x or v axes. The third

boundary condition (6, _ &) applies diflcrent z displacc-

mcnts to the Incoloy g(Ic; and the titanium honeycomb sand-

wich. so that each of them individualh' has zero net reactions

in tile z direction. Both tile lncohw glig and the titanium

hone\'comb sandwich are allowed to expand freely m the z

direction, but not to bend about the .r or v axes.

Z = 0.2 IN. PLANE -_

Z = 0 IN. PLANE --_

(FULLY CONSTRAINED IN Z DIRECTION)

Fig. 10 &pptied displacements in = direction.

Thc stresses in the = direction were found to be the prc-

donlinatc thernlal stresses. All ol the in-plane stresses were

below I(lIlt) psi. Variations o1: stresses tllrotlgh tile thickness
of tile hlcolo\ g(i9 atnd the titaniunl tact sheets were found

to be insignificanl.

The thermal stresses m thc ._- dNection for the ccntcrlinc

leading edge arc shown for the thrce constraint cases in Fig.

II. The "v-shaped" portion of the CtllVe rcprescnts the ther-

nlal stresses in the z direction on file Incoh+y g()g leading edge.

"I'hc curvcs It+ tile left and to the right on each figure represent

thermal stresses in the Im_er and upper face sheets, rcspce-
tiveh', of the titallitlinhonc'¢conll_ sandx,,ich. Tile [llaXHlllnll

conll,ressive stress in the Incolo)gllg leading edge is 153.()11II

psi for the fully constrained houndar\ condition. Thc yield

stress for Incoloy g() () lit 140(I°F is approxinlatel) NII,(RIIi psi.

and so the stresses for the fullv constrained condition _>,'ouhJ

be bevolld yield For boundar\ condition 2. somc thermal

expansion is allowed to occur and the nlalXmllinl eO[llr_ressJ'¢e

stress drops to -46.(1(t0 psi, which is below the yield stress.

For boundary condition 3. additional thcrnlal expansion is
allowed to occur and the maxilllUnl tt_ernlal stress is reduced

to 23.01)1) psi. For all three boundary conditions tile strcss

distributions have the same characteristiC: shapcs. These shapes

arc directly related to the tenlr_cratt, rc distributions. The stresses

can bc grcatl) reduced I',_vincorptu;fling some nlcans to allc, v,

thernlal expansion to occur, its illu',tratcd b\ boundar', con-
ditions 2 and 3.

The |hernial stresses for the s_ept leading cdgc arc shox_n

in Fig. 12. The stress distributions are similar to those for the

centerlme ease, with slightl._ lower stress Icvcls. For I+otnldarx

condition 1, the maximunl e(mlprcssivc stress is 133,0<)II psi.

which slighlly exceeds the yield stress of hlcoh+x go t ) at 120(IF

( - 125.1)(1(I psi). The maxinlun+ coniprcssive stress i:or bound-

arv condition 2 is 41 ,(itlll psi, and for boundar\' condition 3

the illaXJnltl[n stress is - 16.(Ilitl psi. Thcsc ciilculations slit)x,

F'i_. I I
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t I i#

I i _ i i ,
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312 l+t.os,sIRII AI: AIRI'IRIiAIIIIN(IHYPIGRS()NItV+,\VI.14:II)I-RS

that the thcrnml stresses can be reduced to acceptable Levels

by designing the components of the leading-edge configura-

tion to allow some thermal expansion.

Concluding Remarks

The research and technology needs for addressing the wing

leading-edge design of hypersonic waverider vehicles are ex-

amined. Leading-edge heating protection of waveriders is a

key technology. The leading-edge design for a particular Math

5 waverider vehicle wits addressed. Aerod> namic heating rate

distributions were calculated for two locations on the leading

edge of the vehicle. Several possible leading-edge structural

concepts were discussed and one concept was studied in detail.

The leading-edge concept studied consisted of a thin shell of

Incoloy 909 attached to a full-depth honeycomb sandwich

made of titanium 6-2-4-2. A two-dimensiomd thermal and

structural finite element analysis wits used to calculate the

temperature distributions and associated thermal stress dis-

tributions for this concept. Temperatures were found to be

well within the acceptable limits of the materials used. Ther-

mal stresses were found to be significant, but tcchniques for

reducing the thermal stresses to within acceptable limits were

discussed. Based on the results of this stud,,', a simple, passive,

uninsulated leading-edge structure appears attractive for the

Mach 5 waverider vehicle studied.
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